Two morphological types of appendages, an anchor-like appendage and a peritrichate fibril-type appendage, have been observed on cells of an adhesive bacterium, Acinetobacter sp. strain Tol 5, by use of recently developed electron microscopic techniques. The anchor extends straight to the substratum without branching and tethers the cell body at its end at distances of several hundred nanometers, whereas the peritrichate fibril attaches to the substratum in multiple places, fixing the cell at much shorter distances.
Microbial adhesion is detrimental to both human life and industrial processes, causing infection and contamination by pathogens, dental decay, and biofilm formation, but it can also be beneficial in some environmental bioprocesses and in agriculture (5) . Therefore, microbial adhesion has attracted much attention from researchers in various fields (2, 5, 8, 20) . Exopolymeric substances (EPS) (10, 11, 14, 17) and proteinaceous appendages such as pili (4, 21) and flagella (3, 9) have been shown to be responsible for tenacious bacterial adhesion by forming a bridge between a cell and a surface. We previously isolated a rod-shaped, gram-negative, toluene-degrading bacterium, strain Tol 5, which was classified as Acinetobacter sp. (genomospecies 10) by 16S rRNA sequence analysis and physiological tests using the Micro Station system (BIOLOG) (13) . This strain has a highly hydrophobic cell surface and is highly adhesive to solid surfaces. We have found that this adhesive property is beneficial to a biofiltration process for treating off gas containing volatile organic chemicals such as toluene because it allows the effective immobilization and accumulation of these bacterial cells with their high degradation activity on carrier materials. In the current study, we describe the cell appendages that mediate the adhesion of this bacterium to a solid surface.
Bacterial cell appendages and EPS have been visualized by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Compared with SEM, TEM provides high-resolution images by operating at higher electron-accelerating voltages (usually 70 to 100 kV for biotic samples). Of the several TEM techniques that have been used to observe living specimens (7, 11, 16, 17) , negative staining methods produce images that reflect the intact morphology of cell surface structures; such structures are unaffected by sample preparation because, in this method, the sample is mounted on a grid and subjected to electron staining without any other pretreatment. Indeed, many researchers have used TEM coupled with negative staining to visualize bacterial cell surface appendages involved in cell adhesion (9, 12, 15, 21) .
To observe the cell surface structure of Tol 5 by TEM, the cells were grown until stationary phase at 28°C in 20 ml of a basal salt medium (Na 2 3 , and 73.8%, respectively. The flask was capped with a rubber stopper and shaken at 115 rpm and 28°C for 42 h. Under these conditions, most of the cells adhered to the polyurethane surface throughout the growth phases. After 42 h, the adhered cells were separated from the polyurethane by vigorous shaking and washed with fresh basal salt medium. Several drops of cell suspension were settled onto a collodion-coated copper grid of mesh size 200 (Nisshin EM) for 5 min. After a brief wash with water, the grid was immersed in 30 l of filtered 2% phosphotungstic acid (pH 7.0) or 5 mg of ruthenium red/ml for 3 min. The grid was removed, and the excess stain was wicked away with filter paper. The grid was then washed with water and dried at room temperature for 45 min. The specimens were observed under an H7500 TEM (Hitachi) operating at 80 kV.
TEM images of the cells stained with phosphotungstic acid revealed the existence of two types of appendages: an anchor extending sparsely but nonpolarly from the cell and a peritrichate fibril ( Fig. 1A and B) . To clarify the difference between the anchor and the peritrichate fibril, their lengths and diameters were statistically analyzed on enlarged microphotographs. The former were 378 Ϯ 155 (mean Ϯ standard deviation) nm in length and 37 Ϯ 15 nm in diameter (n ϭ 80), while the latter were 286 Ϯ 113 nm in length and 10 Ϯ 3 nm in diameter (n ϭ 111). These differences were found to be statistically significant (P Ͻ 0.05) by a two-tailed Student's t test. We also observed Tol 5 cells stained with ruthenium red, which is used for staining saccharic components on the bacterial cell surface such as lipopolysaccharide, capsule, and extracellular glycoproteins (7, 15, 16) . As a result, neither the anchor nor the peritrichate fibril was visible by ruthenium red staining (Fig.  1C) . Furthermore, no capsule was detected on Tol 5 cells by ruthenium red staining.
TEM is inadequate for directly observing the three-dimensional features of the interaction between the cell and the substratum because TEM can provide only planar projected images or thin-sectioning images. By contrast, SEM has been used to obtain stereoscopic images and to reveal surface features of bacteria, for example, type IV pili of Escherichia coli (4), EPS of Staphylococcus epidermidis (10) , and lateral flagella of Vibrio parahaemolyticus (3) . Such studies have shown that many fibrils of EPS or pili, extending in random directions from the cell, connect the cell body to the substratum (3, 4, 10) . Recently, Kolari et al. showed by using field emission SEM (FE-SEM) for the first time that Deinococcus geothermalis adhered to stainless steel through thin adhesion threads of EPS (14) . In comparison to conventional SEM, FE-SEM improves spatial resolution by using a field emission electron source, minimizes sample charge up and damage by operating at lower electron-accelerating voltages, and gives better images of immediate biological surfaces owing to a reduction in electron penetration (19) .
For FE-SEM observation, Tol 5 cells were grown under the same conditions as those used for TEM observation. After 42 h of cultivation, the cells adhering to the polyurethane carriers were fixed with 1.25% glutaraldehyde in 0.067 M phosphatebuffered saline (PBS) (pH 6.5) for 1 h at 4°C and then with 1.3% osmium tetroxide in 0.067 M PBS (pH 6.5) for 2 h at room temperature. After being dehydrated with a graded series of ethanol solutions, the samples were subjected to critical point drying (HCP-2; Hitachi) and then coated with platinum and palladium by using an ion sputter apparatus (E-1030; Hitachi). The specimens were observed under an S4700 FE-SEM (Hitachi) operating at 5 to 10 kV. FE-SEM revealed that, during growth in the presence of polyurethane, Tol 5 adhered to the substratum of polyurethane in the form of multilayer cell clusters (Fig. 1D ). This suggests that the strong adhesive property of Tol 5 is caused by "coadhesion" (5) , that is, the subsequent adhesion of cells to the cells that initially adhered to a substratum. Furthermore, both anchors ( Fig. 1E to G) and peritrichate fibrils ( Fig. 1H and I) were identified on Tol 5 cells by FE-SEM. The cells use the anchor to tether themselves to the substratum like a balloon on a string at distances of several hundred nanometers (Fig. 1E) . The anchor extends straight from the cells to the substratum without branching, and its end interacts with the substratum (Fig. 1F) . By contrast, the interaction between the peritrichate fibril and the substratum extends along a large part of the appendage (Fig. 1H) . The anchor also functions as a longdistance connector between two cells, extending more than 500 nm in many cases (Fig. 1G) . It should be noted that only one anchor is involved in each connection between a pair of cells (Fig. 1A, B, and G) . By contrast, the peritrichate fibril seems to function in multiples to attain tight cell clusters or aggregates (Fig. 1I) . This is the first report to show fine stereoscopic images of such long-distance interactions between bacterial cells and a substratum mediated by appendages with striking morphology. To our knowledge, such very long, straight, and unbranched appendages like the anchors on Tol 5 cells have not previously been described. In SEM or FE-SEM, however, it is sometimes difficult to rule out the observation of artifacts caused by morphological changes during sample preparation, including dehydration, drying, and metal coating. To overcome this difficulty, environmental SEM (ESEM) and variable pressure SEM (VP-SEM) have been developed. These microscopic techniques permit water-containing specimens to be observed in their natural, or close to natural, state without the need for conventional specimen preparation. However, fine ESEM (or VP-SEM) images of the interaction between bacterial cells and solid surfaces have not been reported, probably because it is difficult to observe a bacterial cell at high pressure (usually, 100 to 600 Pa) with resolution comparable to that achieved under the highly evacuated conditions of conventional SEM (1, 18) .
To confirm the unique morphology of the anchor observed by FE-SEM, we used a variable pressure FE-SEM (VP-FESEM) instrument (model S4300 SE/N; Hitachi), which improves VP-SEM by combining it with FE-SEM technology (similar to ESEM-FEG) (6) . Tol 5 cells were grown under the same conditions as those used for FE-SEM observation in the presence of polyurethane foam or a carbon specimen stub for 42 h. The cells adhered to the stub or polyurethane foam were fixed with 1.25% glutaraldehyde in 0.067 M PBS (pH 6.5) for 1 h at 4°C and observed (at an accelerating voltage of 10 kV) without any other pretreatments. Because higher resolution can be obtained by operating VP-FESEM (or ESEM) at a lower pressure, the samples were observed at 80 Pa. We also used a cooling stage unit, which reduces water vaporization and beam damage by keeping the specimens at low temperature (Ϫ20°C), to avoid sample shrinkage caused by using a lower pressure than that normally used in ESEM. With this (Fig. 2) higher than that previously reported for ESEM (1, 6, 18) . The observation of Tol 5 cells by VP-FESEM confirmed that the intact anchor does indeed have a long, straight morphology. The tethering and cell-to-cell connecting functions of the anchor were confirmed by VP-FESEM ( Fig. 2A to D) . The peritrichate fibril on Tol 5 cells was also identified by VP-FESEM (Fig. 2E) . In summary, the anchor found on the strongly adhesive bacterium Acinetobacter sp. strain Tol 5 has a striking morphology and directly mediates a long-distance interaction between the cell and the substratum. We are now investigating the adhesion mechanism mediated by these anchor-like and peritrichate fibril-type appendages at the molecular level. 
